
����������
�������

Citation: Zhu, B.; Zhang, Q.; Yang,

J.-H.; Li, C.-H. Response of Potential

Evapotranspiration to Warming and

Wetting in Northwest China.

Atmosphere 2022, 13, 353. https://

doi.org/10.3390/atmos13020353

Academic Editor: Pavel Kishcha

Received: 30 December 2021

Accepted: 14 February 2022

Published: 19 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Response of Potential Evapotranspiration to Warming and
Wetting in Northwest China
Biao Zhu 1,2,3, Qiang Zhang 1,2,3,*, Jin-Hu Yang 2,3 and Chun-Hua Li 4

1 College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000, China; zhubiaolz@sohu.com
2 Key Laboratory of Arid Climate Change and Reducing Disaster of Gansu Province/Key Open Laboratory of

Arid Climate Change and Disaster Reduction, Institute of Arid Meteorology, China Meteorological
Administration, Lanzhou 730020, China; yjh740701@sina.com

3 Lanzhou Regional Climate Center, Gansu Provincial Meteorological Bureau, Lanzhou 730020, China
4 Department of Meteorology, Lanzhou Resources & Environment Voc-Tech College, Lanzhou 730021, China;

lch1908@lzre.edu.cn
* Correspondence: zhangqiang@cma.gov.cn

Abstract: In the last few decades, the climate in Northwest China has exhibited a warming–wetting
tendency, which has been particularly prominent since the beginning of the 21st century. In this
context, we analyzed the change in potential evapotranspiration (PET)in the corresponding period
and its response to warming and wetting, which revealed clear periodic changes. The most significant
changes occurred in the 1970s and 1980s, when PET decreased in the humid climate zone and
increased in the semi-arid climate zone. Factor effect analysis showed that PET had a positive
response to temperature; the highest and lowest temperatures in the region continued to rise. Relative
humidity reduced the overall PET in the region, especially in the humid zone. Sunshine duration
has continued to decrease rapidly since the 1980s, especially in humid and arid zones, resulting in a
corresponding decrease in PET. Similarly, corresponding to the consistent wind speed decrease, there
has also been a significant decrease in PET, with the largest decrease in the arid zone, followed by the
humid zone. In general, PET in the central and eastern parts of Northwest China has mainly been
affected by the temperature, whereas wind speed has been the main factor in the western part of the
region. Relative humidity and sunshine duration have had relatively little effect on the PET (below
20% in most places). The reasons and processes that affect PET are very complicated. Owing to the
unique climate characteristics and underlying surface energy mechanisms in Northwest China, it is
still difficult to offer a scientific explanation for its warming and wetting. Therefore, the extent to
which PET impacts climate change in this region is currently unclear, and systematic and scientific
research on this is needed.

Keywords: Northwest China; potential evapotranspiration; response to warming and wetting

1. Introduction

The terrain of Northwest China is complex. At the intersection of the Qinghai-Tibet
Plateau, the Loess Plateau, and the Inner Mongolia Plateau, this area comprises three
natural regions: the arid and semi-arid region in the west; the monsoon region in the east;
and the Qinghai-Tibet Alpine Region. This region includes arid, semi-arid, subhumid, and
humid climate zones [1]. Northwest China, similar to other regions around the world,
has been experiencing rising temperatures for more than a century since the Industrial
Revolution, but the increase in temperature has been greater than that around the world;
especially since the 1980s, the increase in temperature has accelerated significantly [2]. As
part of the arid region of east Central Asia, this area is more sensitive to climate change and
is ecologically vulnerable [3–5]. The precipitation in the eastern part of Northwest China is
largely affected by the East Asian summer monsoon [6–8]; the water vapor in the west is
mainly transported from the Atlantic Ocean by the westerly circulation system, which has
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clearly strengthened in the last thirty years [9], and provided favorable conditions for more
precipitation [10]. This change is possibly related to both natural variability and global
warming, to some extent. The dynamic and thermal effects of the Qinghai-Tibet Plateau
in the southwest also have an important impact on the precipitation and temperature in
the northwest [11–14]. In the mid-1980s, precipitation in the western part of this region,
roughly bounded by the Yellow River, began to increase in volatility. This signal of climate
change was first noticed in 2002 by Chinese academician Shi Yafeng, who proposed a
scientific judgment on Northwest China transitioning from a warm/dry to warm/wet
climate [15]. However, academia did not form a broad consensus on this judgment, then.
Based on paleoclimate research, the most recent decades have been the wettest in the
past 3500 years, at least [16]. The Guliya and Dunde ice cores contain temperature and
precipitation records for close to the past 2000 and 400 years, respectively, with a 10-year
resolution [17]. They show that most of the centennial changes were a combination of either
warm and wet or cold and dry, with a few being cold and wet or warm and dry [18]. In
addition, although the warming and wetting in the western and eastern parts of Northwest
China have different temporal and spatial characteristics, degree, and evolution stages,
wetting in this region has significantly increased and expanded eastward, and this signal
has been particularly prominent in the 21st century [19]. In fact, among the nine arid
regions in the world [20], the drylands in the Americas became wetter during 1948–2008,
due to enhanced westerlies [21,22]. However, the wetting in northwest China is more
obvious, while drought in east Central Asia has not alleviated [23–25]. By exploring its
mechanism, the assessment and conclusion of global drought can be re-understood [26,27].

As temperature and precipitation directly affect the energy cycle, soil humidity, water
cycle, and air humidity, warming and wetting will inevitably bring about changes in surface
evapotranspiration, which, in turn, affects the local climate and environment [28]. PET is
the theoretical upper limit of actual evapotranspiration and is widely used in climatology
research [29–31]. It determines the water and energy exchange between land–vegetation–
atmosphere [32]. PET is also widely used in research on agricultural crop water demand
and production management [33] and the ecological environment [34], making it vital
for climate change research and applied research on water resources [35]. There have
been some meaningful research results on PET [36–38] and actual pan evaporation in
Northwest China [39,40]. However, with the current new characteristics of climate change
in Northwest China, how is PET changing and how does it respond to this warming and
wetting? This study gives a comprehensive analysis of PET characteristics, multiyear trends,
and the effects of related meteorological elements on PET, for an in depth understanding of
climate change in this region. Section 2 describes the data and methods used in this study.
The changes in PET and response of PET to warming and wetting in Northwest China are
presented in Section 3. The limitations of the study are discussed in Section 4, followed by
the conclusion in Section 5.

2. Materials and Methods
2.1. Materials

Daily meteorological data (from 8 p.m. to 8 p.m. the next day) from 360 weather
stations in five provinces and regions in Northwest China from 1961 to 2019, including
average temperature, highest and lowest temperatures, precipitation, average wind speed,
sunshine duration, and average relative humidity, were analyzed. The screening criterion
was that missing data from each station must cover no more than three days per year. In the
case of missing data, the average of the two days before and after was used for interpolation.
If there were two consecutive days of missing data, the data from two adjacent days were
used for equal interpolation. The data were provided by the Meteorological Information
Center of China Meteorological Administration (Beijing, China); the temperature and pre-
cipitation data have passed quality control [41] and have been widely used in research [42].
A total of 102 stations met the screening requirement. The locations of the weather stations
in the researched region are shown in Figure 1. Diverse climate types exist in the vast area
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of Northwest China. To prepare for analysis of the differences in the response of PET to
warming and wetting in different climate zones, Figure 1 also shows the zoning of the
researched region based on the index of aridity. According to this classification, 8 of the
102 weather stations were in the humid zone, 23 were in the subhumid zone, 36 were in the
semi-arid zone, and 35 were in the arid zone. (Details in Supplementary Figure S1).
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2.2. Methods
2.2.1. Calculation of PET

The Food and Agriculture Organization (FAO, Rome, Italy.) Penman–Monteith equa-
tion was used to calculate PET, which is a standard method that can be applied anywhere
in the world if the required daily meteorological data are available (FAO56). Research has
shown that this equation can fully reflect the comprehensive influence of various meteoro-
logical elements and yield accurate results, and it is suitable for calculating PET in different
climate types [43–45]. The equation is as follows [44]:

PET =
0.408∆(Rn −G) + γ 900

Tmean+273 u2(es − ea)

∆ + γ(1 + 0.34u2)
(1)

where PET is potential evapotranspiration (mm·d−1), ∆ is the slope of the saturation vapor
pressure curve, γ is the psychrometric constant (kPa·◦C−1), Rn is net surface radiation
(MJ·m−2·d−1), G is the soil heat flux (MJ·m−2·d−1), Tmean is the daily average temperature
(◦C), u2 is the wind speed at 2 m height (m·s−1), es is the saturation vapor pressure (kPa),
and ea is the actual vapor pressure (kPa). The following calculation should be noted: (1) the
daily average temperature, Tmean, is the average of the daily highest temperature (Tmax)
and lowest temperature (Tmin), not the average value of the 24 h hourly (or four or eight
times a day) observations; (2) as the equation for saturation vapor pressure is nonlinear,
the average saturation vapor pressure of a given period (daily, ten-day, monthly) should
be the average of the saturation vapor pressures calculated from the daily highest and
lowest temperatures during that period; (3) in a period between one day and ten days, the
soil heat capacity of the reference grassland is small enough that the daily G value can be
neglected. The daily PET of 102 meteorological stations from 1961 to 2019 was calculated
using Equation (1), and the multiyear average value was further obtained.
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2.2.2. Factor Effect Analysis of PET

Equation (1) indicates that four meteorological factors affect PET: temperature (the
equation requires this to be calculated using the average of the highest and lowest temper-
atures of a given day), actual vapor pressure and saturation vapor pressure (which can
be calculated using relative humidity), wind speed at 2 m height, and sunshine duration
(which affect net radiation) [44]. To analyze the respective effects that these four variables
have on PET, we programmed the computer, the years 1961 to 1970 were used as the
reference period to calculate the PET of each weather station, and the average PET for the
10-year period was obtained. Then, the original measurements of the daily highest and
lowest temperatures of each station were kept unchanged, and the daily relative humidity,
sunshine duration, and wind speed at 2 m height were replaced date to date with data
between 1961 and 1970, taking out 29th February in leap years. Thereafter, the PET for
each day and 10-year averages were calculated for the intervals 1971–1980, 1981–1990,
1991–2000, 2001–2010, and 2010–2019 (as the data were for up to 2019, to obtain the 10-year
average, the most recent decade included 2010, and similarly thereafter), and the 1961–1970
averages were subtracted. Since the temperature related data were actual measurements
from each weather station that had not been replaced with the 1961–1970 numbers, the
interdecadal difference sequence obtained included only the impact of temperature on
PET. Similarly, the relative humidity of each weather station was kept unchanged, and
the daily highest and lowest temperatures, sunshine duration, and wind speed at 2 m
height from later decades were replaced with 1961–1970 data. These steps were repeated to
calculate the averages. After the subtraction, the effect of relative humidity on PET was
obtained. Treating sunshine duration and wind speed at 2 m height similarly yielded the
impact of sunshine duration and wind speed on PET. Qiang Fu adopted this method to
calculate the difference in PET between land and oceans globally using data from multiple
models [46]. In this study, measured values from weather stations were used to analyze the
response of PET to warming and wetting in Northwest China. (see detailed procedures in
Supplementary Method S1).

2.2.3. Statistical Analysis

Variance analysis is used in this study. The variance in PET caused by four variables,
including average of Tmax and Tmin, relative humidity, sunshine duration and wind speed,
was calculated. The effect of each variate was estimated by variance ratio. It used the
subscripts “t”, “h”, “s”, “w” to represent the variance due to average of Tmax and Tmin,
relative humidity, sunshine duration and wind speed in Equation (2), and relative humidity
effect obtained by Equation (2). The effect of other variates is estimated similarly to that for
relative humidity.

Eh =
Vh

Vt + Vh + Vs + Vw
(2)

2.2.4. Index of Aridity

Index of aridity is an indicator of the dryness of the climate in a certain area and is
generally defined as the ratio of annual potential evapotranspiration to annual precipitation.
The equation to calculate this is:

K =
PET

P
(3)

where K is index of aridity, PET is potential evapotranspiration, and P is precipitation.
Index of aridity between 0 and 1 indicates a humid zone, 1 to 1.5 indicates a subhumid
zone, 1.5 to 4 indicates a semi-arid zone, and greater than 4 indicates an arid zone [1].

2.2.5. Climate Trend Coefficient

In equation (4), rxt is the correlation coefficient between the factor sequence of n times
(years) and the sequence of natural numbers 1, 2, 3, x, n; n is the number of years; xi is the
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factor value of the ith year and is its sample mean. A positive (or negative) rxt means that
the factor has a linear increasing (or decreasing) trend in the n years calculated.

rxt =

n
∑

i=1
(xi − x)(i− t)√

n
∑

i=1
(xi − x)2 n

∑
i=1

(i− t)2
(4)

where t = (1 + n)/2.

3. Results
3.1. Spatial Distribution and Trend of PET in Northwest China
3.1.1. Spatial Distribution of PET in Northwest China

Figure 2 shows that the annual mean PET in Northwest China from 1961 to 2019
was between 740 mm·a−1 and 1543 mm·a−1. There was relatively little PET in the south
(less than 900 mm·a−1); it was relatively high in other regions (more than 900 mm·a−1),
especially in the west part of Northwest China, where it was more than 1100 mm·a−1 in
all areas.
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3.1.2. Characteristics of PET in Northwest China

The spatial distribution of PET climate trends in Northwest China (Figure 3) shows that,
during the period from 1961 to 2019, 47.7% of the stations recorded an upward trend in PET,
whereas 52.3% recorded a downward trend, showing little difference. However, considering
different climatic periods, there is still a clear change in the number of stations recording
an upward versus downward trend in PET. In the four climatic periods, the proportion of
stations with a positive PET climate trend coefficient was 26.2%, 34.6%, 73.8%, and 59.8%,
respectively, exhibiting clear periodic changes. PET in the eastern part of Northwest China
mainly exhibited a downward trend in the 1961–1990 and 1971–2000 periods. The number
of stations wherein PET increased was highest in the 1981–2010 period, accounting for
almost three fourths of all stations. From 1991 to 2019, more than half the stations showed
an upward trend. The biggest change occurred from the climatic period 1971–2000 to
1981–2010, when many stations switched from a downward to an upward trend in PET.

To characterize the normal distribution of PET changes in each period, Figure 4 shows
the normal distribution curves of the PET climate trends at different stations in Northwest
China from 1961 to 2019 as a whole and in the four climatic periods. This figure shows
that PET from 1961 to 2019 is generally located at the center of the normal distribution.
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We observed a clear difference between each climate period. During the 1961–1990 and
1971–2000 periods, PET mainly decreased, as the climate trend coefficient was mostly
negative; PET trends were opposite during the 1981–2010 and the 1991–2019 periods, as
the climate trend coefficient was mostly positive; the 1981–2010 curve lies farthest to the
right, with its average between 0.2 and 0.4. Furthermore, from 1971–2000 to 1981–2010,
the climate trend of PET underwent the most significant changes, from more weather
stations exhibiting a downward trend to more weather stations exhibiting an upward trend.
Figures 3 and 4 illustrate that changes in PET in Northwest China have clear periodic and
spatial characteristics, consistent with the clear regional and periodic characteristics of
warming and wetting in this region.
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Figure 4. Normal distribution of PET climate trend coefficient in Northwest China from 1961 to 2019
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3.1.3. Characteristics of Variation in PET Climate Trend Coefficient with Altitude in
Northwest China

In different time periods, the PET climate trend coefficients of each weather station
exhibited periodic changes. The large variation in altitude and significant difference
in underlying vegetation in Northwest China directly affect PET. Figure 5 shows the
relationship between the climate trend coefficient of PET and altitude in Northwest China
from 1961 to 2019. This figure shows that the stations where PET has decreased in the past
sixty years are at a relatively low altitude, whereas the stations with an upward trend of
PET are at a relatively high altitude; weather stations with an altitude higher than 3500 m
all exhibited an upward trend in PET. This suggests, from another perspective, that climate
change in Northwest China in recent decades possibly had a greater impact on PET in high
altitude areas. (Details in Supplementary Figures S2–S5).
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3.2. Response of PET to Warming and Wetting

To analyze the magnitude of the impact of each meteorological element that affects
PET in Northwest China, the factor effect analysis method mentioned earlier was used, with
1961–1970 as the reference period. These meteorological elements were kept unchanged
one by one and the others were replaced to calculate PET according to Equation (1); then,
the average for every 10 years was taken and the PET in the reference period (1961–1970)
was subtracted. In addition, the averages of the meteorological elements in Northwest
China were calculated based on 10-year intervals and the 1961–1970 reference period
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numbers were subtracted, so that the results could be compared with the actual changes in
PET. Table 1 lists the meteorological elements and the calculated 10-year average PET in
Northwest China during the reference period (1961–1970); these served as the benchmark
for subsequent comparisons. It is notable that the meteorological elements related to the
calculation of PET in Equation (1) are the highest and lowest temperatures (this equation
requires the average temperature to be calculated by averaging the daily highest and lowest
temperatures rather than averaging the four or more measurements per day from the
weather station), relative humidity, sunshine duration, and wind speed. As a supplement,
average temperature (average of the four or more measurements per day from the weather
stations) and precipitation are listed for reference. (see detailed in Supplementary Table S1).

Table 1. Ten-year average of meteorological elements and PET in Northwest China (1961–1970).

Tmax (◦C) Tmin (◦C) Relative
Humidity (%)

Sunshine
Duration (h) Wind (m/s) PET

(mm·a−1) T (◦C) P (mm·a−1)

Humid 18.92 9.01 76.15 1646.23 1.93 899.10 13.34 1038.18
Semi humid 16.08 5.41 68.56 2053.38 1.99 899.94 10.15 746.62

Semi-arid 13.34 1.13 61.83 2481.71 2.4 918.70 6.64 481.56
Arid 14.10 0.33 49.70 2974.15 3 1126.79 6.87 124.18

* The regional overall 14.66 2.44 60.31 2488.57 2.48 984.34 8.03 462.35

* Each value is calculated directly from the observation data of the weather station, not from the table.

3.2.1. Response of PET to Highest and Lowest Temperatures

The responses of PET to the highest and lowest temperatures are shown in Figure 6.
In Figure 6a, the actual highest and lowest temperatures remain unchanged, whereas the
other meteorological elements affecting PET (relative humidity, sunshine duration, and
wind speed at 2 m height) are replaced with the corresponding daily measurements from
each weather station between 1961 and 1970. After calculating the daily PET, the 10-year
average was obtained and the reference numbers for the 1961–1970 period were subtracted.
The figure shows that the temperature caused a slight decrease in PET in Northwest China
in the 1970s and 1980s, and a rapid increase in the 1991–2000, 2001–2010, and 2010–2019
periods. Figure 6b,c are the 10-year trends of the highest and lowest temperatures. The
highest temperature (Figure 6b) and the lowest temperature (Figure 6c) began to increase
significantly in the 1990s and 1970s, respectively. In the most recent period (2010–2019), the
highest temperature increased by 1.26 ◦C compared with that in 1961–1970, whereas the
lowest temperature increased by 1.70 ◦C. The increase was most significant in arid areas,
reaching 2.17 ◦C in 2010–2019, which is consistent with the finding in recent studies that
the most significant temperature increase in North China is the rapid increase in the lowest
temperature [47,48]. The increase in the highest and lowest temperatures is in accordance
with the increase in PET caused by the temperature, as shown in Figure 6a, indicating that
the PET responds positively to temperature changes, with the degree of response mostly
following the trend arid zone > semi-arid zone > subhumid zone > humid zone; the increase
in the lowest temperature in different climate zones in the region also follows the same
trend. Figure 6d shows the trend of average temperature. Although not in Equation (1), it
is listed here as well. Clearly, average temperature changes are in sync with the highest
and lowest temperatures, as they all increased slightly in the 1970s and 1980s, and then
rapidly starting from the 1990s. (Details in Supplementary Figure S6).
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3.2.2. Response of PET to Humidity

In Figure 7a, the actual relative humidity remains unchanged, whereas the other
meteorological elements affecting PET (highest and lowest temperatures, sunshine duration,
and wind speed at 2 m height) were replaced with the corresponding daily measured values
from each weather station between 1961 and 1970. The results were obtained after the same
averaging and subtracting mentioned above. Figure 7b shows the 10-year change in relative
humidity, and Figure 7c shows the decadal change in precipitation. As precipitation directly
affects soil and the relative humidity of air, and because the water and energy cycle are
complex, the trend in precipitation is also included here for reference. Figure 7a shows that
the relative humidity continuously reduced the overall PET in the region, especially in the
humid zone; the decrease was relatively small in the semi-arid and arid zones. Therefore,
PET responds negatively to relative humidity. Figure 7b shows that the change in relative
humidity in Northwest China has been polarized, that is, the relative humidity of the air in
the humid area has increased, whereas that in the semi-arid area has decreased significantly.
This is consistent with the research conclusion of Huang et al., which states that the vast
semi-arid area of Northwest China is gradually becoming drier, whereas the humid zones
are becoming wetter [49]. The higher the relative humidity of the humid zone in this region,
the lower the PET. A comparison of Figure 7a,b indicates that in 2001–2010 and 2010–2019,
when the increase in relative humidity in the humid zone was the most significant, the
corresponding decrease in PET was also the most significant. (see details in Supplementary
Figure S7).

Atmosphere 2022, 13, x FOR PEER REVIEW 12 of 22 
 

 

sponding decrease in PET was also the most significant. (see details in Supplementary 

Figure S7). 

 

 

 

Figure 7. PET changes due to relative humidity in Northwest China (a), relative humidity (b), and 

decadalprecipitation changes(c) (each figure is the10-year average minus the 1961–1970 average). 

3.2.3. Response of PET to Sunshine Duration 

The results in Figure 8a were obtained by keeping actual sunshine duration un-

changed while replacing the other meteorological elements affecting PET (highest and 

lowest temperatures, relative humidity, and wind speed at 2 m height). Figure 8b shows 

the decadal changes in sunshine duration. Figure 8a shows that the amount of sunshine 

duration also mostly reduced PET in the region; only the PET in the arid zone increased 

Figure 7. Cont.



Atmosphere 2022, 13, 353 12 of 21

Atmosphere 2022, 13, x FOR PEER REVIEW 12 of 22 
 

 

sponding decrease in PET was also the most significant. (see details in Supplementary 

Figure S7). 

 

 

 

Figure 7. PET changes due to relative humidity in Northwest China (a), relative humidity (b), and 

decadalprecipitation changes(c) (each figure is the10-year average minus the 1961–1970 average). 

3.2.3. Response of PET to Sunshine Duration 

The results in Figure 8a were obtained by keeping actual sunshine duration un-

changed while replacing the other meteorological elements affecting PET (highest and 

lowest temperatures, relative humidity, and wind speed at 2 m height). Figure 8b shows 

the decadal changes in sunshine duration. Figure 8a shows that the amount of sunshine 

duration also mostly reduced PET in the region; only the PET in the arid zone increased 

Figure 7. PET changes due to relative humidity in Northwest China (a), relative humidity (b), and
decadalprecipitation changes (c) (each figure is the 10-year average minus the 1961–1970 average).

3.2.3. Response of PET to Sunshine Duration

The results in Figure 8a were obtained by keeping actual sunshine duration unchanged
while replacing the other meteorological elements affecting PET (highest and lowest tem-
peratures, relative humidity, and wind speed at 2 m height). Figure 8b shows the decadal
changes in sunshine duration. Figure 8a shows that the amount of sunshine duration also
mostly reduced PET in the region; only the PET in the arid zone increased slightly. The
sunshine durations (Figure 8b) have declined rapidly since the 1980s; the decrease was
slightly smaller in the 1990s. It has continued to decrease since the beginning of the 21st
century, especially in humid and arid zones. This corresponds well with the change in PET
due to sunshine duration (Figure 8a). (Details in Supplementary Figure S8).
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Figure 8. PET changes due to sunshine duration in Northwest China (a), sunshine duration decadal
changes (b) (each figure is the10-year average minus the 1961–1970 average).

3.2.4. Response of PET to Wind Speed

The results in Figure 9a were obtained by keeping actual wind speed unchanged while
replacing the other meteorological elements affecting PET (highest and lowest temperatures,
relative humidity, and sunshine duration). Figure 9b shows the decadal changes in wind
speed. Figure 9a shows that, in terms of wind speed, the PET in Northwest China has
always been decreasing when the other variables are constant, and the decrease has been
relatively large. The wind speed in this region (Figure 9b) decreased in the humid zone in
the 1970s and slightly increased in other climate zones. Then, wind speed in this region
generally continued to decrease; it decreased the most in the humid zone, followed by the
arid region. Corresponding to the decrease in wind speed, PET also decreased; it decreased
the most in the arid zone, followed by the humid zone. (see details in Supplementary
Figure S9).

In general, PET has different responses to highest and lowest temperatures, relative
humidity, sunshine duration, and wind speed, as listed in Table 2. The responses of PET to
each meteorological element were most significant in arid and humid zones and milder in
the other climate zones.

Table 2. Response of PET to metrological elements in Northwest China.

Major Cimatic Zones Affected Regional Global Variation

Tmax, Tmin Arid, semi-arid regions Increasing rapidly since the 1990′s
Relative humidity Humid area, subhumid area Declined markedly since the 1970′s and increased rapidly since the 1980′s

Sunshine duration Humid area, subhumid area The decrease was obvious in humid and semi humid areas, while the change
was not obvious in other climate areas

Wind speed Arid, humid areas All climatic regions have been decreasing since the 1980s, the regional overall
declined markedly
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3.2.5. Actual Changes in PET in Northwest China and Their Contribution Factors

Clearly, PET in Northwest China responds differently to warming, wetting, and the
continued decrease in sunshine duration and wind speed in the region. Figure 10 shows
the actual decadal change in PET in this region for the past 50 years, compared with that
in the reference period of 1961–1970. The figure shows that the overall PET in Northwest
China has not dropped significantly, and the most significant change only occurred in the
1970s and 1980s, the decadal average of the PET decreased from positive 23 mm to negative
26 mm. PET has been close to that in the reference period of 1961–1970 during the past
30 years in the region. It is worth noting that the decadal average of PET has dropped
significantly in the humid climate zone of this region, by about 40–70 mm compared with
that in the reference period, but has increased significantly in the semi-arid zones, by about
20 mm. (Details in Supplementary Figure S10).

Since the warming, wetting, and continued decrease in sunshine duration and wind
speed in Northwest China all affect PET to varying degrees, Figure 11 shows the effect
proportion of each factor from variance analysis. The figure shows that PET in the central
and eastern parts of Northwest China is largely affected by the temperature factor, which
accounts for more than 40% of the impact, whereas relative humidity and sunshine duration
have a relatively small impact (below 20% in most places). The high wind speed in the
western part of this region throughout the year accounts for more than 40% of the impact
on PET, and more than 80% in some places. Wind speed is the main factor affecting PET in
the western part of Northwest China. (see details in Supplementary Figure S11).
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4. Discussion
4.1. Comparison of Actual Changes and Factor Analysis Results of PET in Northwest China from
2010 to 2019

To verify the reliability of the results obtained using the method mentioned above, the
actual measured value of each weather station was used to calculate the average PET of the
most recent decade (2010–2019). Then, the 1961–1970 10-year average PET was subtracted,
and the spatial distribution map of PET in 2010–2019 compared with that in 1961–1970 was
drawn (Figure 12a). Furthermore, the 2010–2019 decadal average of PET when the highest
and lowest temperatures, relative humidity, sunshine duration, and wind speed were kept
unchanged were obtained, respectively, and further averaged; then, the 1961–1970 baseline
values were subtracted to obtain the spatial distribution map of changes in PET from the
1961–1970 period to 2010–2019 period (Figure 12b). The comparison shows that the spatial
distribution of the two results is very consistent, and, especially, that the zero line of PET
(the thick solid line in the figure) is almost in the same position. (Details in Supplementary
Figure S12). This indirectly illustrates that it is reasonable to determine the impact of a
certain meteorological element on PET by keeping the actual values of that element in
Equation (1) unchanged while replacing the others with data from a set period (1961–1970
in this study). Figure 12 shows that PET in the western (mainly Xinjiang) and southeastern
parts of Northwest China (mainly Shaanxi) decreased significantly in 2010–2019 compared
with those in 1961–1970, whereas most areas of the northern and central parts of Northwest
China experienced an increase in PET in the 2010–2019 period. Comparing Figure 12a,b, the
actual change in PET in the 2010–2019 period is larger than that in the multifactor analysis
results (compared with the reference period 1961–1970), which indicates that some factors
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affecting PET are not included in Formula (1), such as low cloud cover and aerosols that
affect net radiation. Moreover, the impact of precipitation on air humidity is very complex
and nonlinear, and the phase changes in soil moisture also affect the energy process; this
may have caused the difference in the magnitude of the two results.
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4.2. Uncertainties and Limitations

Factors affecting PET are far more complex than those in Equation (1). The contribu-
tion analysis in the study is a variate replacement method to decompose the contributions
of temperature (average of Tmax and Tmin), relative humidity, sunshine duration, wind
speed to PET, respectively, that cannot explain the feedback mechanism between differ-
ent meteorological elements. There are certain uncertainties and limitations caused by
the method. Owing to the unique climatic characteristics and underlying surface energy
mechanism in Northwest China [50–52], it is difficult to give a scientific explanation about
the warming and wetting in the region. Therefore, the extent to which PET affects climate
change in this region is presently unclear. On the one hand, studies have shown that the
increase in precipitation in the zones of northwest China has mostly been caused by the
internal circulation formed by the accelerated melting of snow and ice in the surrounding
mountains [53,54]. The melting and retreat of glaciers caused by global warming have had
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a major impact on the region’s water resources and ecological environment [55–57]. On the
other hand, some studies have claimed that the increase in precipitation in this region may
have been only partly or not at all in response to global warming [15]. Nevertheless, PET
undoubtedly plays an important role. As climate change is an inevitable result of atmo-
spheric circulation within a certain range [58], the climate in Northwest China is affected
by both the East Asian summer monsoon and the westerlies. Therefore, attention to both
the westerly circulation and the East Asian summer monsoon circulation is needed [59,60],
and further attention toEl Niño–Southern Oscillation [61], as they impact climate change in
this region.

5. Conclusions

(1) By analyzing the spatial distribution of PET and climate change trends in Northwest
China in the past sixty years, this study revealed that the changes in both PET and the
warming and wetting in Northwest China were clearly regional and periodic. In the
periods 1961–1990 and 1971–2000, PET mainly decreased; in the periods 1981–2010
and 1991–2019, the trend was opposite, especially during 1981–2010, when the climate
trend coefficient of PET was, on average, between 0.2 and 0.4. From 1971–2000 to
1981–2010, the change in the climate trend of PET was the most significant.

(2) This study analyzed the response of PET to warming and wetting in Northwest China
using the factor analysis method and the 1961–1970 period as the reference. It was
found that PET increased and responded positively to the temperature. A rapid
increase mainly occurred in the 1990s, corresponding well with the highest and lowest
temperatures changes. Relative humidity increased significantly in the humid zones
and decreased significantly in the semi-arid zones, leading to a continued decrease in
overall PET in the region, especially in the humid zone; however, the magnitude of
PET decrease was generally not large, and it gradually rebounded in the last three
decades. The amount of sunshine duration has continued to decline rapidly since the
1980s, especially in humid and arid zones, leading to a corresponding decrease in PET
in the region. Similarly, as the wind speed decreased in the region, PET also decreased
significantly; the largest magnitude of decrease was in the arid zone, followed by the
humid zone.

(3) Temperature is the only factor that has caused PET to increase; changes in all the other
meteorological factors have reduced PET in Northwest China. However, the most
significant changes in overall PET in this region occurred in the 1970s and 1980s. In
general, PET in the humid climate zone has decreased significantly, while that in the
semi-arid climate zone has increased.

(4) PET in the central and eastern parts of Northwest China was mainly affected by the
temperature. As the wind speed is high throughout the year in the western part of this
region, it has also been a major factor affecting PET. The impacts of relative humidity
and sunshine duration have been relatively small (below 20% in most places).

Systematic and scientific research is required to determine the cause of the clear
warming and wetting in Northwest China in recent decades, especially in the last thirty
years. The resulting changes in the surface energy mechanism and their positive and
negative feedbacks on the climate system are scientific issues that deserve special attention
in the future [62,63]. The next step is to combine actual evapotranspiration with PET,
further to comparison with the meteorological elements effects to PET between northwest
China and east Central Asia by using reanalysis data, in order to more deeply understand
the warming and wetting in northwest China. In addition, a new method without need for
interpolations can be tried [64], using more observation data to support relevant studies,
and results would be more reasonable and reliable. Only with a solid understanding of
the climate change mechanisms in Northwest China can scientific judgments on the future
climate trends of the region be made. Otherwise, any scientific understanding obtained
from interim analyses will still be preliminary, incomplete, and in need of further study.
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